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STICK PUSHER FOR THE PREVENTION OF 

By Euclid C . Eolleman and David L. Boslaugh 

For some current  supersonic airplane designs, performance or struc- 
tural considerations might d i c t a t e   t h e   w e  of design  features,  such as a 
high  horizontal tail, which are susceptible t o  pitch-up at  high angle of 
attack. This paper presents  the results of a sFmulator study of the 
factors affecting  the  design of a device, a s t ick  pusher, for preventing 
a representative  supersonic  airplane f r o m  entering  the  pitch-up  region. 
The effects  of varying the stick-pusher-activation boundazies,  sensing 
parameters, and magnitude of stick-pusher  force on the  control labi l i ty  
of the  airplane  pitch-up were investigated. In addition,  the paper deals 

maneuverability caused by angle-ofdttack limiting i n  turns and in  zoom 
maneuvers. 

W with the possFble tactical importance of the loss in available  supersonic 

A 3O-pomd stick-pusher  force  provided  positive  restorative  action 
and w&s preferred to a force of efther 15 or 45 pounds. It was possible 
t o  make peak angle of a t tack followfng stick-pusher  activation invarient 
with entry mte by using an activating boundazy sensit ive t o  pitching 
velocity as well as angle of attack. A moderate-authority  pitch mer 
was fomd t o  be advantageous in   several  wy-s. It g r e a t k  reduced  recov- 
ery  transients  follaying  activation,  decreased the possibility of bother- 
some multiactivations  present in some conditions, and was beneficial  w b n  
tracking  near the stick-pusher boundmy. 

Considering  such factors as  speed loss and time-to-change heading, 
little loss i n  turn performance need be incurred by stick-pusher opgra- 
tlon i n  the narmal operating  altitude  range of the airplane. During 
zoom maneuvers t o  extreme al t i tudes,  the requirements fo r  flight-path 
correction could represent a condition in which a p i lo t  would be at  a 
t ac t i ca l  disadvantage  with 

.r 
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INTRODUCTION I 

1 

Present  design  trends toward the we of lar-aspect-ratio w i n g s  and 
Large fuselages have prcduced undesirable flow fields over a large  region 
of possible  horizontal-tail  locations. If at some angle of a t tack  the 
horizontal tail enters  into this region,  longitudinal  instability  or 
pitch-up  usually  results. The use of a law horizontal tail, which is 
outside  the  undesirable flow f i e l d  through most of the  angle-of-attack 
range of the  airplane, has been generally  succeesftil in eliminating 
pitch-up (refs. 1 and 2 ) .  However, for sOme designs, perfonnance or 
structural  consideration m y  dictate  the  horizontal-tail location. A 
high horizontal-tail  configuration is susceptible  to pitch-up at  high 
angle of attack. To avoid this pitch-up two approaches may be consfdered: 
use of a devfce t o  s t a b i l i z e  the airplane Fn the  pitch-up  region,  or use 
of an automatic  device t o  prevent the airplane from entering  this  region. 

This paper  presents  the results of a simulator study which evaluated 
the basic  pitch-up problem of an assumed supersonic  fighter confi@;uration, 
including the effects  of several linear and nonlinear  pitch dampers. 
However, emphasis was placed on the investigation of factors  affecting 
the design and u t i l i za t ion  of R device  (stick pusher) which, by automat- 
i ca l ly  applying a sudden push force t o  the control  stick,  prevents  the 
airplane fkom entering  the  pitch-up  region. 

The effects  of varying the  stick-pusher-activation boundaries and 
the  values of the  sensing  parameters  (pitching  velocity and angle of 
a t tack) ,  magnitude of stick-pusher  force, and airplane damping on the 
controllabil i ty of the airplane  pitch-up a t  supersonic speed were 
investigated. 

A final section of the   pper .dea ls  with the possible   tact ical  impor- 
tance of the loss i n  available swersonic  mneuverability caused by the 
use of a s t ick  pusher which limits angle of attack. This analysis con- 
siders turns and zoom mneuvers. 
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mean aeroaynamic chord, ft 

total drag, xb 

stick force, lb 

acceleration due t o  gravity, ft/sec2 

pressure  altitude, ft 

moment of inertia about airplane Y-axis, slug-ft2 

t o t a l  incidence of the s tab i l izer  (p i lot  plus pitch 
dRSIDed, deg 

incidence of the stabil izer due t o  p i t ch  mer, deg 

pitch-damper gain, i t / d ,  sec 

tail length,  ft 

Mach nuniber 

airplane mass, slugs 
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dpamic pressure, ~ b / s q  ft 

wing area, sq ft 

L a p h c b n  operator, l/sec 

thrust, lb 

time, sec 

time t o  change head~ng 45' and wo, respectively 

forward velocity,  fi/sec 

a m l a n e  weight, l b  

angle of attack, deg 

angle of a t tack of s t i ck  pusher activation, deg 

f light-path angle, deg 

incremental change i n  a quantity 

control-stick  deflection, deg 

ratio of actual  damping t o  critlcal damping 

pitch attitude angle, a + 7 ,  deg 

pitching  velocity, deg/sec o r  radiane/sec 

effective  pitching  velocity, radians/sec 

pitching  acceleration,  radians/sec2 

washout c i rcu i t  time  constant,  sec 

phase angle, de@; 

angle of yaw, deg 

frequency,  radIans/sec 

Subscripts and abbreviations: 

m&X TfBXiIIlUm - 
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0 initial condition 

1 second condition 

(30-16) Used t o  define the stick-pusher-activation boundary. The 
first  nmiber, 30, r e fe r s   t o  the pLtching velocity in  
degrees  per second for activation a t  zero angle of 
attack. The last nuuiber, 16, refers t o  the angle of 
at tack f o r  activat-lon at zero pitching  velocity. 

A dotted  quantity  indicates  derivative  with  respect to time. 

Pitch-zfp 

Test-setup.- An analog computer coupled t o  a mockup of an atrplane 
control  st ick by means of a torque servo was used t o  s-te the longi- 
tudinal control  characteristics of a maneuvering supersonic fighter. A 
p i lo t  "flew" the problem by visual reference t o  an oscilloscope  presen- 
t a t i o n   c m l e t i n g  the closed-low  simulatfon. 

The control  stick, equipped with  s t ra in  gages t o  record  stick  force, 
aperated a torque  servo and supplied inputs t o  the analog. For normal 
operation, measured st ick  def lect ion was converted t o  praportional stick- 
force signals by the analog. These signals w e r e  transformed into fmce 
by the  torque  servo. A stick-force wadierrt of 3 pounds per degree was 
used as a representative  value  for this investigation. For stick-pusher 
operation an additional signal from the analog was converted into an 
abrupt  increment of force superimgosed on the  normal stick force. The 
s t i ck  pusher w a s  activated by an e lec t r ica l   re lay  when flight vaxiables 
computed by the analog exceeded predetermined  values. The delay between 
stick-pusher-activation signal and application of the   s t ick   force  was 
0.07 second. The result lng  control system was found t o  be v e r y  r e a l i s t i c  
by pi lo ts  who operated it. A schematic diagram describing the system is 
shown as figure l(a). The frequency-response characterist ics of the sys- 
tem (fig.  ~ ( b )  ) are representative of current airplane control sptems . 

The airplane aerdynamics w e r e  represented by the follawFng differ- 
ent i a l  equations : 
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where 

s = 0.0129 
W 

and 

As indicated, k, CL, Cmit, C5, and Cm. were functions of 
a 

angle of attack  (fig.  2) . This information was obtained  either from 
unpublished  wind-tunnel data or was theoretically  estimated for the  con- 
figuration under consideration. A s-le pi tch m e r  ( i t /6  = KD) was 
assmued for  of the tests. The stabil izer  deflectfon available t o  
the pitch damper was Limited to f1° or 2 3 O  and the  pitchaasllper gain KD 
was 0.3 second. For some t e s t s  a nonlinear  pitch damper was used  having 
a gah of 0.3 + 2. 5a2, with the angle of at tack expressed i n  radians. 
The stabi l izer  available t o   t h e  nonlinear  pitch damper was unlimited. 
For all tests the s-bbilizer  rate was l imited  to S O  degrees  per second. 

Test  procedure. - To obtain  the best simtiLation consistent w i t h  
simplicity, angle of attack was used as a flight reference f o r  the  pi lot .  
A moving target on the oscilloscope was found t o  be a convenient refer- 
ence. The target   ra te  was varied from maneuver t o  maneuver and the 
pilot  referenced  his  pull-up rate t o  that of the  target.  Pull-up maneu- 
vers were made by  flying the  airplane  angle of attack  into the pitch-up 
region. As soon as pitch-up was recognized, by the  increase in r a t e  of 
change of angle of attack,  corrective control was applied. The rate 
and magnitude of corrective  control used m s  entirely at the  discretion 
of! the  p i l o t   a d ,  as might be  expected, varied w i t h  the  severity of the 
pitch-up. Tkts t e s t  procedure  obviated the  neceasity of assuming and 
including  pilot  recognition and reaction time, as was done in   the  pi tch-  
up investigation of references 3 and 4. For the investigation of the 
pusher variables the same general test  procedure was followed,  except 
that in i t ia t ion  of corrective  control was automatic. For most of the 
stick-pusher  firings the p i lo t  attempted to   re turn  to the initial trim; 
however, some attempts were made t o  override  the  force of the  s t ick 
pus her. 

4 
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Although most of the data were obtained by research  engineers, 
several   tes t   p i lots   (both  c ivi l ian and military) who had flown current 
high-performance airplanes f l e w  the problem and were favorably impressed 
with i t s  r e a l i s m .  

d 

zoom-up 

Test setu2. - Inasmuch as the zoom maneuver was re lat ively slaw 
(generally 1 t o  3 minutes) and short-period dynamics  were not of primary 
in te res t   in  this investigation, it was believed that the control-system 
characterist ics would have l i t t l e ,  if any, effect  on the results obtained. 
Consequently, a simple spring-restrained  stick was used for flight 
control. 

As i n  the pitch-up  investigation,  the analog computer solved  the 
afrplane aerodynamics w h i c h  were represented i n  this instance by three 
degrees of freedom. 

These equations of motion are: 

r 

rr 

$ = - cos a - T 
m 

The inclusion of the forward-speed degree of freedom =de certain ~ i m -  
plifications  necessary because of the limitations of the analog equip-: 
ment. The programmed variables are shown as figure 3. Thrust was pro- 
grammed as an analytical function of  Mach  number and altitude and was 
representative of that produced by a current  high-pressure-ratio 
variable-nozzle  turbojet engine w i t h  afterburner. Afterburner  thrust  
was assumed t o  be 40 percent of maxfmum thrust  and was cut off  a t  
65,000 fee t  during the maneuver. L i f t  and drag  coefficients were 
obtained from the unpublished  wind-tunnel data previously mentioned 
and were functions of Mach m i e r  and angle of Rttack. The control 

nufber only; the contribution of Cw t o  the  longitudinal damping was 
r effectiveness and  damping-in-pitch derivatives were functions of Mach 

r' 

,- 
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combined with %. Airplane pitching-manent coefficient  varied  l inearly 
with angle of attack  but was invariant with Mach  number, and an ideal 
moderate-authority  pitch damper w88 used for  m o s t  tests. Airplane  weight 
decreased as fue l  was consumed during the mneuver. 

T e s t  procedure.- The simulation of supersonic zoom-up was also 
piloted. Normal acceleration, Mach nuher ,  d pitch angle were used 
as flight references  for  the  pilot, and zoom profi les  of altitude  versus 
range  could be observed as a secondary flight  reference. This l a t t e r  
reference was not  too useful because of the time lag between control 
input and detectable airplane response. 

The zoom maneuver was begun .at M = 2.0 and an a l t i tude  of 
50,000 feet. From horizontal  flight, zoom entry was mde at  conetant 
normal acceleration util the desired  pitch  angle was attained. Con- 
e tant   pi tch angle was then flown u n t i l  round-out W&B initiated. Round- 
out was made at  constant n o r n d  acceleration, and level f l i g h t  a t  m i -  
mum a l t i tude  terminated the manewer. It was possible for the  problem 
speed t o  drop below M = 1.0, but it -8 impractical t o  include  the 
large variation i n  airplane derivatives which occurred below that speed. 
Thus, a t  speeds below M = 1.0 the solution w&s not completely accurate, 
but it was considered  useful  in  giving orders of magnitude. 

Turn Calculations 

The turning performance of the airplane under consideration was 
calculated assuming that the  airplane  center of gravlty moved i n  a 
horizontal  plane and the airplane instantaneously banked t o   t h e  proper 
angle for a balanced turn. Calculations were made for turns at  con- 
stapt angle of attack; consequently, normal acceleration  decreased as 
speed  decreased during the maneuver. Maximum thrust was used t o  mini- 
mize the speed loss. The time-to-change heading i n  the turn was cal- 
culated by using 

and the  speed loss i n   t he  turn was calculated by using the relationship 

Step-by-step integration was performed by us- Sirupson's rule. 



Controllability of supersonic  pitch-up: 
Basic  airplane and llnear pftch damper . . . . . . . . . .  
Monlinear pi tch damger . . . . . . . . . . . . . . . . . .  

Considerations in the design of a stick-pusher system: 
Design force . . . . . . . . . . . . . . . . . . . . . . .  
Factors  affecting  required  activation . . . . . . . . . .  
Determination of suitable  activation boundary . . . . . .  
Use of a washout c i rcu i t  . . . . . . . . . . . . . . . . .  

Importance of res t r ic ted  supersonic maneuverability: 
T u r n p e r f o r m a n c e . . . . . . . , .  . . . . . . . . . . . .  
Zoom performance . . . . . . . . . . . . . . . . . . . . .  

9 

Figures 

4 to 6 
7 

8 t o  10 
11 

12 t o  14 
15, 16 

17 t o  20 
21 t o  26 

DISCUSSION 

Controllability of Supersontc Pitch-Up 
* 

Basic a m l a n e  Illanewers. - Basic airplane maneuvers were  made a t  
various rates of pull-up t o  determine the  control labi l i ty  of the can- 

shown in  f igure  4(a) for the  f l ight  condition M = 1.2, $ = 50,000 feet. 
A t  low pull-up rate the a-trple;ne pitched  about 3 O  i n  angle of a t tack  
and reached an angle of a t tack of 20' after corrective  control was 
applied by the pflot .  At higher  rates, however, the  airplane reached 
a peak angle of a t tack of about 28O after pitching 8'. In attempting 
t o  a r res t   the  pitch-up, it was impossible t o  avoid large undershoots 
i n  angle of a t tack  ( f ig .  4 or 6 )  during recovery, inasmuch as the basic  
configuration was l igh t ly  m e a  at  this flight condition ( ( = 0.1) . 
It is apparent from these maneuvers and From the data of figure 6 that 
the  pitch-up would be  uncontroUable. Thls is par t icu lar ly   t rue  when 
it is considered that lateral divergence and roll-off would be  probable 
in flight  during 111&13y of the maneuvers simulated. 

# figuration  without pitch aamIper. Representative  time  hlstories  are 

Representative t h e  histories for a slightly higher Mach nuder ,  
M = 1.4, are  shown in  f igure  4(b).  At Lcrw pull-up rates it WBS poasi- 
ble  t o  recognize and control the pitch-up,  but it fs dolibtful that the 

4 p i lo t  could do so i f  he were preoccupied w i t h  any other task. However, 
a t  -her entry  rates  the  pitch-up is entirely  uncontrollable  (figs. 4(b) 

i 

I) 
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and 6(b) ) . This is the result of the pitching-moment curve  not 
retrimming at high  angles of at tack (compare C, for M = 1.2 (curve A)  
and 1.4, fig.  2(b) ) . Failure  to  control  the  pitch-up  resulted in  
extreme angle-of-attack  excursions  (fig. 6(b)).  

. 

Similar tests w e r e  made also fo r  an a l t i tude  of 40,000 feet .  The 
resu l t s  indicated, and the   p i lo t  concurred, that the pitch-up  charac- 
t e r i s t i c s  were not  appreciably  affected by the  change in   a l t i tude .  

Linear  pitch damper. - Any meana of slowing the rate of divergence 
should a i d  the p i lo t  materially in  controlling  pitch-up. Consequently, 
additional  pitch damping wa8 investigated as a means of al leviat ing 
the pitch-up. Tlie simple pitch danrper previously described was used 
with a gain of KD = 0.3 second. This provided damping ra t ios  near 
0.6 i n  the linear regime. Calculations were made fo r   p i t ch  damper 
authority of *lo and of 23'. Regardless of authority,  neither  linear 
p i tch  damper proved t o  be effective In limiting the peak overshoots 
i n  angle of attack (figs.  5 and 6) . Hawever, the MOderate-&UthO??ity 
pi tch damper (*.So) was found t o  be beneficial   in  flylng below pitch-up 
and was appreciated by the pilot .  In addition,  the  excursions during 
the  violent  recovery  transients  following  pitch-up were quickly damped. 

Nonlinear pitch damper.- Because the airplane became unstable i n  
p i tch  a t  high angles of attack, it was thought that programming pitch- 
damper gain as a function of angle of attack might be effective in con- . 
trolling the airplane pitch-up. A pitch-damper gain of 0.3 + 2. a2 was 
used with unlimited s t ab i l i ze r  authority. By using a pitch daurper of 
t h i s  type at a Mach n&er of 1.2 and an a l t i tude  of 50,000 feet (fig. 71, 
steady flight was possible in the pitch-up  region. Camprison with 
figure ?(a), for example, shows that fo r  the same entry rate there is 
no apparent  pitch-up with the  nonlinear damper, while p i t ch -q  is evi- 
dent wi th  the linear damper. The nonlinear pitch mer was also t es ted  
at the same flight  condition with a pitckhg-mment curve (curve B of 
fig.  2(b) which does not retrim. For this condition,  also, 110 devel- 
oped pitch-up was observed (f ig .  7(b)) .  

c 

Disadvantages for such a pi tch damper are immedfately apparent. 
Almost unlimited  stabilizer  authority would be required by the damper, 
creating a potentially dangerous condition in  the  event of a malfunction 
of the pi tch m e r .  

The airplane maneuverability would be  llmited by stick  control 
limits, and an increase i n  stick-force  gradient which was evident for 
the  l imitedauthori ty  damper wa8 even m o r e  i n  evidence f o r  this damper. 
Moreover, fo r  complete protection  against  pitch-up a s t ick  pusher might 
be requFred i n  conjunction w i t h  the  nonlinear  pitch damper t o  prevent 
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the airplane fram reaching an extreme angle of  attack where s t ab i l i ze r  
control would be incapable of overpowering the  cmibinatian of unstable 
pitching mcanent a,nd airplane mcmentum. d 

Considerations Fn the Design of a Stick-Pusher System 

Another mans of coping with an h t o l e r a b l e  pitch-up of the type 
under consideration is t o  prevent the p i l o t  from entering the pitch" 
region. This might be  accaplished by using a device which automati- 
cally applies a.n abrupt  push  force t o  t he   s t i ck  when critical f l i g h t  
var iables   me exceeded. Such a device, sometima referred t o  as a 
s t i c k  pusher, i s  being used currently on several a-rrplanes. A n&er 
of design parameters which influence the design of such a system are 
considered i n  the following discussion. 

Desired f orce. - The f mce of the s t i ck  pusher m u s t  be  capable of 
preventing the airplane From entering  the  pitch-up  region. With the 
simulator used in  this investig&tion it was possible t o  vary the   s t ick-  
pusher force so that a magnitude could  be  obtained that was considered 
acceptable by the pl lo ts .  Time histor ies  (M = 1.2, I+ = 50,OOO ft 
without pi tch damper) during which the pf lo t  was neither  attempting to 
assist nm override the s t i c k  pusher lare presented in figure 8. Pull- 
ups w e r e  made w i t h  stick-pusher  forces of three magnitudes. The light- 

inadvertent  overriding by the p i l o t  was possible. The 3O-pomd st ick-  
pwher  force  (fig. 8(b) ) provided very posit ive and decisive  action 

considered too high by the  pFlots and could result in  violent under- 
shoot  manewers (fig. 8( c) ) should the p i l o t  be  taken by surprise. 
During some mneuvers when the   p i lo t  is e w o s s e d  in accomplishing a 
task, he may unintentionally or deliberately override the s t i c k  pusher. 
A ser ies  of runs #&E mde i n  which the  pilot  deliberately  attempted t o  
override the s t i ck  pusher at various force  levels  (f ig.  9) . The p i l o t  
was able  to  override only the l3-poUna stick-pusher force. A g a i n ,  the 
highest stick-pusher  force  resulted i n  very high s t ab i l i ze r  rates aSa 
violent r e c o v q   t r a n s i e n t s .  

* est   force tested, 15 pounds (fig. 8(a)) ,  was considered  adequate,  but 

i fo r  preventing  pitch-up. The 45-poUna stick-pusher  force w a s  generally 

Summ~rfes of maneuvers using the n o m  pull-up  technique showing 
the effect  of pitch-damping au@pnentation are  presented Fn figure 10. 
Although the lowest stick-pusher  force w a s  overridden  occasionally  with- 
out pi tch damping, the increased  controllability of the airplane w i t h  
pi tch damper eliminated the tendency t o  override the   s t ick  pusher. 
Transients follawing the  stick-pusher  activation were decreased also . with increased  pitch damping. Without pi tch damper the undershoots 

c 



increased by about 2 O  w i t h  each  additional 15-pound increase in   s t i ck -  
pusher  force. L i t t l e  Improvement i n  airplane handling or  angle-of- 
attack  excursions was noted w i t h  the  low-authority  pitch damper, but 
with the moderate-authority  pitch danper  undershoots were about the 
same fo r  all three stick-pusher  forces. 

It was the  opinion of all the pi lo ts  who "flew" the simulator that 
the l!j-pound fmce  was too light, even with  pitchdamper augmentation. 
The 45-pound force was considered t o o  high, but might be acceptable 
only with a moderate-authority  pitch damper. O f  the three stick-pusher 
forces, the 3O-pound force was considered best, and for a l l  subsequent 
t e s t s   t he  3O-pound stick-pusher  force was used. 

Overshoots  following; stick-pusher  activation.- Another haportant 
consideration in the  design of a stick-pusher system is the determina- 
t i on  of the  factors  affecting the required  activation  point. Excur- 
sions in  angle of attack for several test  conditions and for typical  
pitching-moment variations were determined fo r  various rates of pull-  
up and for  angles of a t tack of various  stick-pusher  activations. A 
moderate-authority  pitch damper was used. These results are surmnarized 
i n  figures l l (a)  t o  1 1 (  d) . In each figure the peak angles of a t tack 
obtained fo r  the  various  rates of pull-up are sham, as w e l l  as the 
pitching-moment curves uaed. 

For a Mach number of 1.2 and an a l t i tude  of 50,OOO feet ( f ig .  ll(a)) - 
stick-pusher  activation  for low rates of pull-up could be delayed safely 
t o  ~n angle of a t tack of 15O without  excessive  excursions i n  angle of 
attack. A t  this angle of a t tack the airplane is unstable, but the 4 

s t i ck  pusher can prevent fu l ly  developed pitch-up at low entry rates.  
However, at high entry  rates  stick-pusher  activation must occur by 
a = l2O i f  the peak angle of attack is t o  be l imited  to  15'. Reducing 
the a l t i tude  t o  40,000 feet ( f ig .  I l ( b ) ) ,  s l ight ly  decreased  the  angle- 
of-attack  excursions  for all entry  rates. The effects of  change i n  C, 
characterist ics  are sham by comparing figures l l (a)  and l l ( c )  . The 
cm curve wed  in  figure ~ ( c )  had a more gradual t r ans i t i on   t o  mta- 
bi l i ty ,   bu t  approximately the seme i n i t i a l  slope as that used i n   f i g -  
ure l l ( a )  . For high entry rates a excursions  for the two C, curves 
were comparable. However, at low pull-up  rates t o  limit the  excursion 
angle t o  lo, activation must occur  by 14O fo r  the pitching-moment curve 
with the sharper  break  (fig. ll(a) ) , but  could  be  delayed t o  l7O fo r  
the pitching-moment curve of figure l . l (  c) . For a pitching-moment curve 
with a still more gradual decrease i n  stability a t , a  slightly  higher 
Mach  number ( f ig .  =(a)), the  excursions i n  angle of a t tack were greatly 
reduced  throughout the r a t e  of pull-ug and angle-of-attack range 
investigated. LI 
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Factors such as control  effectiveness,  available  control rate, and 
i n e r t i a   c b a c t e r i s t i c s  can gratly influence the overshoot fo l la r ing  

considered, however, it would appear that stick-pusher  activation where 
neut ra l   s tab i l i ty  is first encountered would limft overshoot t o  a rela- 
t i ve ly  small  value at  laK entry  rates,  but  activation  considerably be low 
neut ra l   s tab i l i ty  might be required at higher entry rates. 

1 stick-pusher  activation. For the configurations and flight conditions 

Determination of a suitable  activation boundary.- As was shown Fn 
the  previous  section,  the  stick-pusher-activatim boundary should be 
sens i t i ve   t o  entry rate as well as angle of attack. For the present 
investigation  pitching  velocity vas selected to represent entry rate. 
From a consideration of the angle-of-attack  overshoots, shown in f ig-  
ure =, it was decided t o  investigate the conibined (6 - a) boundaries1 
shown i n  figure 12. 

A summ~uy of the a excursions  obtained for the various born-ies 
at  two flight conditions is  presented as figure 13. As would be expected, 
the  higher the activation bo- used, the higher the available n o m 1  
acceleration and the greater the peak u excursion  obtained.  Inspection 
of figure 13 also shows that peak angle of a t tack was appr-tely 
invariant a t  low and d e r a t e  entry rates at the higher  boundaries. 
When using the lawest boundary, activation at needlessly low angle of 
attack caused  overcompensation for entry  ra te  which  produced a s&stan- 
tial loss i n  available  maneuverability.  Increasing the boundary from 

by about 2O at low ra tes  and s ~ s t a n t i a l l y  more a t  the higher pull-up 
rates. 

c (30-16) t o  (60-16) , increased  the  angle of attack for pusher  activation 

i 

As has been discussed, a pi tch damper improved the general  control- 
l a b i l i t y  and reduced the undershoot  followFng  stick-pusher  activation. 
However, the pi tch damper bad no noticeable  effect on peak overshoot 
(figs. 13(a) and ( c ) ) .  

Some phenomena which occurred  during the tes t s   a r e  worthy of note. 
For lm-boundary, laW-dampin@; C o n d i t i O n S  m u l t i a C t i - t i O I U  of the s t i c k  
pusher  occurred. These repeated  stick-pusher  "kicks" caused a divergent 
osci l la t ion which was disconcerting t o  the p i l o t  w h i l e  a t t e q t i n g  t o  
return t o  l eve l   f l i gh t  following stick-pusher  activation. The addition 
of pi tch damping and the raising of the  activation boundary tended t o  
e l h i n a t e  this phenomenon by quickly damp- the airplane motions SO 
that stick-pusher  activation  occurred  only  during the pull-up,  not  during 
the recovery transient.  

h h e n  the combined signals representing 6 and OL exceed a bound- 
.I ary value, the s t i c k  pusher is activated and remains i n  operation  until 

the sum of the parameters  decreases below the specified bo-. 

c . 
4 



For some of the   t es t s  a buzzer was used t o  warn the p i l o t  of 
impending stick-pusher  activation. With the buzzer set approximately 
lo t o  2O below the stick-pusher bo- and with the  mderate-authority 
pi tch m e r ,  stick-pusher  activation could  be  avoided at all pull-up 
ra tes  by terminating  the  pull-ug lnsneuver at the buzzer signal. Haw- 
ever,  pull-up  without the pitch damper often resulted i n  stick-pusher 
activation even though the p i lo t  mde every e f for t  after hearing the 
buzzer t o  recover  without  stick-pusher  activation. 

A t t e m p t s  at tracking were made just below the  stick-pusher boundary 
(fig.  14). Without the  pi tch damper, stick-pusher  activation  resulted 
i n  a large attitude change following  activation and required break- 
off  the  tracking  mneuver;  but, with the  pitch damper, tracking  could be 
continued  except for a momentary disturbance  during  activation. 

Use  of a washout circuit .-  One disadvantage of using pitching  veloc- 
i t y  t o  compensate for  entry rate effects is that a substantial  portion 
of- the 6 -stick-pusher-activa.tion signal. can be present at  & = 0. 
This may unnecessarily compromise the maneuverability of the  airplane 
unless the  additional complexity of hhch nmiber and alt’,tu.de compensa- 
t i on  i s  introduced. To circumvent this problem a simple resistance- 
capacitance  circuit, sometimes referred t o  as a washout c i rcui t ,  can  be 
wed  ( ref .  5 )  . The effect  of the washout c i rcu i t  on the  pitch-rate 
signal can be described i n  operational  notation as 

There 6 is the airplane pitching  velocity,  or  input  quantity, and 
Beff is effective  pitching  velocity or output t o   t he   s t i ck  pusher. 

It can be shown that at fre uencies greater than 1 / ~  the transfer 
function  approaches .Unity, but signals a t  low frequencies would be 
attenuated. Thus Beff would  be relat ively Large at high dn, but would 
be essentially  zero in flight conditions  producing  steady  pitching 
velocity. 

To investigate  experimentally  the  effects of a washout circuit ,  a 
ser ies  of  pull-up maneuvers was &e i n  which systematic  variations in 
washout constant T were studied at several  flight  conditions. A ty-pi- 
ca l  time  history showing the  effects of decreasing  the  value of T from 
5 seconds t o  1 second is presented i n  figure 15 and a surrrmary of the 
results  obtained  for  the  flight  condition of M = 1.4, + = 40,000 fee t  
is shown i n  figure 16. In the latter figure, activation  points are shown 
f o r  four  values of  washout constant a t  each of tbree basic boundary con- 
ditions. The overshoots were generally  mall; therefore, t o  simplify 
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the suIII[LL&Ty plot  
vation  condition 
use of a washout 
dependent on T 
of a value of T 
f o r  a l l  cases at 

this information is included only for the highest scti- 
( T = 0.5 aec) The resu l t s  of figure 16 indicate that 
cfrcuit   raised  the  activation boundary by 821 amount 
and the (d - a) boundary. It is evident that the use 
6 1.0 second raises the activation  point t o  nearly 16O 
low entry  rate.  Moreover, the slope of the activation 

boundary with tin can a t i l l  provide 8 nearly  constant %. 
It is  true that the activation  point for T = a ( f ig .  16) could 

be raised by  using an a intercept greater than 16~. This, however, 
would resu l t  in  Fntolerable  avershoot Fn conditions of lg flight or 
law -c pressure  (fig. 2) . 

I n  a practical  configuration  the  activaticm  point would be depend- 
ent on the allowable -. Once the activation  point is selected,  the 
desired T for aqy (6 - a) boundary can be obtafned from simulator 
studies or by the analytical method of the amend-. 

Irqportance of Restricted  Supersonic  Maneuverability 

It appears that w i t h  a s t i ck  pusher t o  prevent  entry  into the 
pftch-up  region  there may be a considerable loss in  available maneuver- 
ability. Therefore,  determining the importance of the development of 
high lift at supersonic  speeh is of interest .  If the speed loss asso- 
ciated w i t h  the high l i F t  is great, flight i n  this part of the flight 
envelope may not be profitable.  Yet ,  t o  accmplish a mission t h e   u t i l i -  
zation of  a l l  possible lift may be mandatory. Several   tact ical   s i tua-  
t ions that might require   h5gh-m  manewerabi l i ty  have been examined 
and the results included herein. 

Turn performance. - The pitching-moment characterist ics f o r  the 
assumed configuration  are sham in figure 17 over a rather wide speed 
range. Based on the analysis of a preceding  section, it would appear 
that stick-pusher  activation of about 14' for  very low entry-rate naneu- 
vers would satisfactorily  prevent pitch-up over the ent i re   meed range. 
An indication of the loss in maneuverability resulting from such an 
activation boundary which is invariant w i t h  Mach n M e r  is presented i n  
figure 18 for  two test al t i tudes.  The load  factor  attainable a t  
a = 20° is presented for  reference purposes. At M = 0.90 the results 
indicate very l i t t l e  loss in  usable  load  factor. This i s  par t icular ly  
t rue  when it is considered that a. = l 4 O  could  probably  be w e l l  Into 
the heavy buffet region. A t  supersonic  speeds w h e r e  no buffet would be 
expected, there are indications of significant  reductions  in maneuver- 
ab i l i ty   par t icu lar ly  a t  hp = 50,OOO feet. It should be remenibered that 
the   resu l t s  of figure 18 assume zero  entry  rate, and, therefore, addi- 
t ional  losses fn avaibble   load  factor  would occur a t  finite entry rate 
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and from the p i lo t ' s  heed  of a ming device. It is also evident frm 
figure 18 that it would be necessary fo r  a p i l o t   t o  maintain  constant 
angle of attack as the speed  bleeds  off in order to real ize  maximum 
maneuverability. If constant g turns were atterqted in tight maneu- 
vers, avoiding  stick-pusher  activation would be impossible. 

An important factor that in many instances  could  determine the 
usable high-lif t  maneuverability is the speed loss during an elevated 
g turn. The resul ts  of same simplified  calculations  relating speed 
l o s s  and time-to-change heading t o  normal acceleration and angle of 
attack are presented in figure 19. In these calculations the angle of 
attack was held constant at the initial value as the speed  decreased, 
and ~ l l a x ~ u m  thrust (fig.  3) was used t o  minimize speed loss. 

Turns in i t ia ted  a t  2g and an a l t i tude  of 40,000 feet resu l t  i n  
very little loss i n  speed but  require 40 t o  50 seconds for a heading 
change of goo (fig. lg(a) ) . As the i n i t i a l  g i s  increased t o  4, the 
time-to-change heading is  decreased m o r e  than 50 percent,  but an appre- 
ciable speed loss is  evident.  Further  increase in  fnitial g t o  6 
only s l igh t ly  reduced the time for completion  of the  turn; however, the 
speed loss becomes very  large. An optimum initial load factor for the 
conditions under caneideration would appear t o  be of the order of kg. 
Similar trends are Shawn for  the 45O heading change. Time-to-turn is 
a function of g-level, and, therefore, only smll effects  of a l t i tude  
are apparent. The speed lOSseS,  however, a re  markedly greater at an 
a l t i tude  of ~ , O o O  fee t   for  comparable turns. The results of figure 19 
clearly indicate that an angle-of-attack  restriction of 14O would m o s e  
l i t t l e   p rac t ica l   pena l ty  i n  turn performance. 

The time to   rega in  speed following a maneuver naay also  dictate  the 
usable  high lift. If the time to  accelerate  were long, the avoidance 
of high g turns that resu l t   in   l a rge   losses   in  speed might be neces- 
sary. The calculated  time t o  rega in   in i t ia l  Mach numbers of 1.4 and 1.8 
for   a l t i tudes of ~ , W  and 40,000 f e e t   i n  l g  f l i gh t  is sbwn i n   f i g -  
ure 20; the  excess thrust for the airplane considered i n  this investiga- 
t i on  is  also shown. It is  evident that, because of the limited endurance 
of t h i s  type of aircraft, the extremely long time interval  required t o  
regain speed a t  an a l t i tude  of 50,OOO feet  might further limit the usable 
l a d  factor at this alt i tude.  

Zoom performance. - Supersonic  airplanes may a t ta in   a l t i tudes  greatly 
above their normal service  ceilings by the simple expedient of converting 
kinetic energy to   po ten t ia l  energy; hawever, it is  not the Fntent of this 
paper t o  explore in   de t a i l   t he   t ac t i ca l  uses of the zoom-up maneuver. 
In  certain  operations minimum time and horizontal range t o  extreme alt i-  
tude might be of utmost  importance, whereas i n  other  situations maximum 
a l t i tude  or ~lraxFmum horizontal range might be desired. A brief analog 
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investigation has been conducted t o  determine whether the s t i ck  pusher, 
by limiting  angle of attack, would limit the zoom =pabill t ie8 of the 
airplane. 

From an in i t ia l   f l igh t   condi t ion  of M = 2.0, $ = 50,oOO feet, 
zoom maneuvers to   pi tch  angles  of 10' t o  50' were &e at entry normsl 
acceleration of from 1.58 t o  4.0s. Romd-out was d e  a t  canstant nor- 
mal acceleration (approxbately 0.49) such that lllEudllnrm a l t i t ude  was 
gener- attatned a t  about M = 1.0. 

The effects of pftch-danrper  augmentation on the response  character- 
i s t i c s  in typical  ZOCBPB are  shown in figures =(a) and 2l(b). The dif - 
f i cu l ty  in  precisely  controlling  the  airplane i n  the basic  condftion was 
quite ap-ent t o  the pi lo t ,  and most of the m a e w e r s  were made w i t h  
augmented  damping. 

Several significant quantities  obtained from the  z o m  records are 
smxmrized i n  figure 22. Maxbnm angle of  attack is presented as a 
function of entry  normal acceleration for a range of pitch  angles. The 
peak a l t i tude  and horizontal  distance covered from i n i t i a t ion  of zoom 
t o  attainment of mximm al t i tude  are also presented and have been 
experimentally  corrected t o  M = 1.0' in those  instances w h e r e  M = 1.0 
and peak altitude were not  coincident. 

St  i s  evident f r o m  the reeults of figure 22 that a = 14O was 
exceeded only i n  steep zooms at  low entry rate. For f la t  zoms the peak 
angle of attack was a lineaz function of entry normal acceleration. 
However, as the  zoom becanes steeper, peak angle of a t tack is re la t ive ly  
Large at both very low and high entry normal acceleration with a minbmm 
occurring at  about 2.4g. Thi8 latter effec t  is i l l u s t r a t ed  in figures 23 
and 24 for a zoom angle of 50°. A t  the two higher  entry rates, peak 
angle of a t tack  is at ta ined at the the the  desired zoom angle i s  reached. 
For a, = 1.5, however, the pilot  believed that it would be necessarg t o  
i n i t i a t e  recovery  prior t o  attainment of the  specified zoom angle if he 
continued t o   p u l l  up at the same ra te .  Therefore, t o  reach the desired 
zoom angle   addi t ional   upstabi l izer  was applied at t = 55 seconds. 
Because of the extreme al t i tude,  the fncrease in normal acceleration 
was limited, and the desired  pitch attitude angle was reached by a com- 
bined zoom and snap-up technique. This possible need for flight-path 
correction at very  high altitude represents one flrght condition where 
angle of attack i n  excess of that afforded w i t h  an operating stick pusher 
might be required. Turn maneuvers at extreme a l t i t ude  might represent 
another  condition In which a p i lo t  would be at a tactical disadvantage 
*om angle-of -attack limiting. 

- 
i 

a As a matter of interest ,  some general  observations regarding zooms 
are  included. It is apparent from figure 22 that if maxhum horizontal 

i 
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range is  desired, a very low zoolh angle conibined w i t h  low entry normal 
acceleration would be wed; whereas, if maximum alt i tude is desired, 
a zoom angle of apprmdmately 30° would be flown, using about a 2g entry. 
Peak a l t i tudes   s l igh t ly   in  excess of 80,OOO fee t  were reached in   t he  
la t te r   condi t ims .  

- 

A comparison of the  actual altitude attained for several   f l ight 
condition6  with  calculations assuming ideal conversion of kinetic t o  
potential  energy with zero drag is shown in   f igure 25. A considerable 
loss in alt i tude  capabili ty due t o  drag is evident. Note that the 
experimental  conversion of kinetic to potential  energy s l ight ly  exceeds 
the ideal at the lower zoom al t i tudes,  which is attr ibutable to a con- 
d i t ion  of excess thrust .  

The t h e  required t o  pass tbrough 70,OOO feet,  together w i t h  an 
indication of the speed loss at  this alt i tude,  is summarized in   f i g -  
ure 26 f o r  the zoome of figure 22. The data. indicate that a zoom angle 
of about TO0 with entry g = 2.5 would be optimum fram considerations 
of minFmizing the time t o  zoom t o  7O,OOO fee t  and the loss i n  speed. 

A simulator  investigation has been undertaken t o  study  the  factors 
affecting  the  design of a stick-pusher sy-stem. This device was used t o  a 

prevent a representative  airplane  configuration fram exgeriencing uncon- 
t ro l l ab le  pitch-up at high angles of attack. The results of the  inves- 
t igation, which dealt with basic  design paremeters of the  s t ick pusher 
and the  possible  tactical  importance of the loss  in  available  supersonic 
maneuverability caused by angle-of-attack  limiting,  fndicated that: 

* 

1. A 30-pound force  provided  very  positive  restorative  action for 
the  s t ick pusher. A l5-pound force was generally  considered t o  be too 
light and could at  times be overridden; whereas, a 45-pound force was 
generally  considered  too high, often  resulting in violent  transients. 

2. A t  low entry  rates  stick-pusher  activation when neutral stability 
U ~ S  first encountered limited  the  angle-of-attack overshoot to a rela- 
t ive ly  small value, but at  higher entry  rates  considerably earlier acti- 
vation may be required t o  avoid  large  overshoots. 

3 .  It was possible t o  make peak angle of attack following stick- 
pusher activation  invariant w-ith entry  rate by using an activation 
born- sensit ive  to  pitching  velocity as well as angle of attack. 
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4. A moderate-authority  pitch damper was found t o  be advantageous 
4 

i n  numerous  ways when used in conjunction with 8. s t i c k  pizsher. It 
greatly reduced  recovery transients follcswlng activation,  decreased  the 
possibi l i ty  of bothersome multiactivations  present  in some conditions, 
and was very beneficial  when tracking near the stick-pusher boundaqy. 

* 

5. The pilots  believed that a waxning device set to act ivate  
sl ightly  before pusher activation was a highly desirable feature. The 
uasning device was more effective when used fn conjunction with 8 pi tch  
darqper . 

6 .  A pitch-rate washout c i rcu i t  was found t o  be beneficial  Fn 
reduchg the loss in high-lift ma.neuverabflity that would result from 
stick-pusher  operation. 

7. Lit t le loss In turn performance w&8 incurred by stick-pusher 
operatian in  the normal operating al t i tude  range of the airplane, con- 
sidering  such  factors as speed loss and  time-to-change headlng. 

8. D u r i n g  zoom maneuvers to very Mgh altitudes, the requirements 
for flight-path correction could represent 8 condition ii which a p i l o t  
would be at  a t a c t i c a l  disadvantage with  angle-of-attack  limiting. 

High-speed F U h t  S ta t  ion, 
National Advisory Canrmittee for  Aeronautics, 

Edwards, Calif., October 9, 1957. 



20 

. 

THEl ON 

 he dfects of T on the  activation of a (4  - a) sensitive  stick 
pusher  caa  easily be calculated  theoretically. In operational  notation, 
the  ratio of effective  pitching  velocity to actual airplane pitching 
velocity can be  expressed 8s 

If a linear lift-curve  slope is assumed during  the  pull-up  mantuver, 
the  assumptfon of constant S, will  produce a linear  increase  in 8 
with time. For such 8. ramp 6 input,  Laplace  transform methods can be 
asplied to equation (1) to  obtain a t-  dependent  ratio 

A plot  of  equation (2) is presented fn figure 27, and the means by 
which  these  results  can  be  used to calculate  the  effect of T on a 
representative  activation boundary at M = 1.4, hp = 40,OOO feet is 
illustrated. 

ASSLDJE that  constant in pull-ups &re Fnitiated frm lg flight 
with  given  values of T and Aa. If the substitution 

e 

is made in equation (2), the  results sham in figure 28 are  readily 
obtainable. The information of figure 28 can  be  converted  easily i n t o  
the form of  figure 29 at  selected values of a* by using the relatiomhip 



c 

The final boundary in the form of figure 30 is tbm obtained by 
cross-plotting figure 29. In figure 30 the experbental results of 
figure 16 have been included for c v i s o n  with the theoretical calcu- 
lations,  and it i s  apparent that good agreement exists. 

+ 

h 

s 
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(a) Schematic dl*& or  the simula.t;or. 

Figure 1.- Description and detail  characteristics of the  control  system Used in the pitch-up 
investi-tion. 
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(b) Frequency-response characteristics of the torque  servo. 

Figure 1. - Concluded. 
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Figure 2.- Aerodynamic characteristics  used in the pitch-up study. 
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Figure 3. - Aerodynamic characteristics used in the zoom-up study. 
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Figure 4.- Typical pull-up maneuvers to determine the Ritch-up 
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(a) M = 1.2; hp = 50,000 feet (C, curve A of fig. 2(b)). 

Figure 5.- Typical pull-up maneuvers to determine the pitch-up  charac- 
t e r i s t i c s  of the basic  configuration with pi tch damper. 
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Bigure 9.- Typical pull-up msneuvers during whlch attempta were mde t o  override. the stick- 
pusher. M = 1.2; $ c: 50,oOO feet (% curve A of fig. 2(b)) .  No pitch damper. Stick- 
PUSher boundary (No-16). 
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